We studied species composition after Juniperus virginiana tree and litter removal in a central Oklahoma grassland. Tree removal had the most significant effect on stems per quadrat and vegetation cover. Litter removal effects were not as strong. However, stems per quadrat and vegetation cover in litter removal treatments were higher than in litter intact treatments. Species richness increased for all treatments in the first year post-treatment, after which species richness declined at every sampling period and in every treatment for the duration of the study. Absolute cover of typical prairie species increased in the cut with no litter treatment whereas cover of woody forest species increased in the no cut with no litter treatment. We suggest that even without prescribed fire, redcedar tree removal may result in a return of prairie vegetation. However, additional efforts besides tree removal may be required to restore some invaded grasslands.
INTRODUCTION
For the last several decades, there has been a growing interest in management techniques required to maintain and/or restore vegetation. The two most common problems faced in grassland restoration are habitat destruction and the loss of native species diversity due to the encroachment of woody species. Concerns about decreased diversity and the invasion of exotic woody species have spurred extensive study throughout the world including Argentina (Ghersa et al. 2002) , Australia (Costello et al. 2000, Whiteman and Brown 1998) , Canada (Peltzer and Köchy 2001) , French Prealps (Barbaro et al. 2001) , South Africa Marais 2000) and the United States (Petranka and McPherson 1979 , Callaway and Aschehoug 2000 , Fitch et al. 2001 , Briggs et al. 2002b , van Els et al. 2010 .
In the United States, two examples of fire adapted vegetation types that have received much attention regarding restoration are the longleaf pine sandhill vegetation of northwestern Florida (Kush et al. 1999 , Provencher et al. 2000 , Provencher et al. 2001 ) and the tallgrass prairie of the eastern Great Plains (Axmann and Knapp 1993 , Briggs et al. 2002a , Briggs et al. 2002b . In both instances the elimination of fire has caused a decrease in species richness and facilitated their conversion into forests. Tallgrass prairie researchers have suggested that reductions in abundance and altered community composition are related to a multitude of environmental factors associated with woody invasion. Examples of such altered environmental factors include soil moisture (Engle et al. 1987, Facelli and Pickett 1991b) , solar radiation (Smith and Stubbendieck 1990, Facelli and Pickett 1991a & and soil temperature (Weaver and Rowland 1952, Hulbert 1969 ). In addition, leaf litter from woody species may alter grassland litter dynamics (Facelli and Pickett 1991b) .
Within the tallgrass prairie region, eastern redcedar (Juniperus virginiana L.) has increased dramatically, converting millions of hectares of grassland to woodland or closed canopy forest (Schmidt and Leatherberry 1995, Briggs et al. 2002a ). Redcedar invasion is not restricted to impacted or degraded sites and exhibits high survivorship in diverse native grasslands (Ganguli et al. 2008) . Typical control methods include mechanical felling via chainsaws, large cutting machinery, or cabling and prescribed fire. Although felling and prescribed fire are effective in reducing redcedar abundance in prairies, the continuous application of this management technique has left a significant gap in our understanding about the role redcedar litter plays in tallgrass prairie restoration. In particular, we do not understand the role of the overstory tree versus the leaf litter in determining species composition.
We conducted this study to disentangle the effects of redcedar overstory canopy and accumulated litter on prairie species richness and composition. Elucidating these effects will allow for a more informed approach to redcedar removal and prairie restorations.
METHODS

Study Site
We conducted this experiment at the James K. McPherson Botanical Preserve located 16 km west of Stillwater, Oklahoma (36°06'00"N, 97°12'30"W). After a brief period of row crop agriculture, the site was converted into pastureland and grazed until the 1960's. Oklahoma State University (OSU) purchased the land and managerial control was turned over to the Department of Botany. In 1995, the Department of Botany introduced a burning regime, consisting of a three to five year return interval, to the northwestern half of the preserve with the goal of stimulating the return of a native tallgrass prairie community.
Tree Selection and Classification
We selected 47 potential study trees based on several criteria including tree isolation, minimization of surrounding tree effects, the existence of an intact litter layer underneath the tree, and tree size. We recorded canopy diameter in the northsouth and east-west direction, height, stem diameter at both 10 cm and diameter-atbreast-height (DBH), and gender. For those trees with multiple stems, we recorded separate diameter measurements for each primary stem, which we later converted into basal area (BA) at 10 cm and DBH, respectively. We randomly assigned all trees into two groups (cut and no cut); ten study trees were then randomly selected from each group.
Sampling Design
Sampling design was based on a two by two factorial design of tree removal and litter removal. Underneath each study tree, we positioned two 50 cm × 50 cm quadrats so that each quadrat was completely under the canopy of the overstory redcedar. In addition, we positioned the two quadrats in such a way to maintain homogenous litter cover between quadrats and to minimize inter-quadrat variation in vegetation. After permanently marking each quadrat, we randomly assigned a litter removal treatment to one of the two quadrats under each tree. We conducted an initial vegetation sampling in May 2001, prior to treatment application.
All subsequent sampling occurred biennially in May and September of 2002 -2003. Sampling of species composition consisted of identifying each plant species rooted inside the quadrat and estimating its percent cover to the nearest percent for any cover less than 5% and to the nearest 5% for any cover over 5%. We marked unknown species for later identification. Species nomenclature and code symbols follow that of the USDA PLANTS database (USDA 2004) . In addition, at several locations within this paper we refer to the response of J. virginiana redcedar seedlings and not the study tree or any of its structures.
Experimental Treatments
The tree removal treatment was applied using a chainsaw and pruning shears between 17 and 19 May, 2001. We removed crowns and branches from the top down, with the aid of rigging equipment, to minimize the amount of disturbance to the litter layer and vegetation in the quadrats. We removed litter from litter removal quadrats by hand, taking care to minimize disturbance to vegetation. However, plants that had germinated in the litter layer and had not reached the soil surface were removed along with the litter during the initial treatment. The litter removal treatment was applied between 21 and 24 May, 2001. Treatment acronyms for tree and litter removal are: cut with no litter (CN), cut with litter (CL), no cut with no litter (NN), and no cut with litter (NL); i.e. the control.
At each post-treatment sampling, we removed newly accumulated litter from the litter removal quadrats after observing vegetation. On a few occasions we removed branches from surrounding trees that started to grow over the tree removal quadrats.
Statistical Analyses
Statistical analysis included the use of both ANOVA and ordination techniques.
We performed repeated measures ANOVA using PROC MIXED for each environmental variable recorded using SAS (Version 8). For each environmental variable, initial (pre-treatment) observations were used as a baseline for all subsequent samplings (post-treatment). Preliminary analyses included tree gender as an explanatory variable. However, because gender showed no significant main or interaction effects, we removed gender and re-ran all ANOVAs.
We analyzed compositional data using direct gradient analysis. Direct gradient analysis uses species data and directly relates it to measured environmental variables, in this case dummy variables representing the treatments. We selected partial Redundancy Analysis (pRDA) because it is generally considered more appropriate in short-term experimental studies where species responses are believed to be linear and over relatively short gradients. All ordinations were conducted using CANOCO FOR WINDOWS 4.5 (ter Braak and Šmilauer 2002) on absolute cover of each species within a sample.
We developed a priori hypotheses about the potential affect of treatment application on species cover. We hypothesized that tree removal and litter removal would have a positive effect on stems per quadrat, vegetation cover and species richness. In addition, the combination of tree removal with litter removal, conditions most similar to open prairie (CN), would have the largest effect; whereas, the combination of no tree removal and no litter removal, the control condition (NL), would have no effect or the least positive effect on species. We have not included any correction factors for statistical problems associated with multiple comparisons (Legendre and Legendre 1998, Hallgren et al. 1999) .
RESULTS
Density and Richness
There were significant differences in stem density (p<0.001) between all quadrats prior to treatment application. However, the difference between the means of the densest and sparsest treatments was only 2.5 stems per quadrat. Both the cut with litter (CL) and cut with no litter (CN) treatments had the lowest stems per quadrat prior to treatment application. Stem density increased for all treatments except no cut with litter (NL) treatment by the second sampling. This increase was roughly 2-2.5 fold thus resulting in an increase of 10-13 stems per treatment ( Figure 1 ). Significant differences (p=0.0052) in density between NL & NN (no cut-no litter) only occurred in May 2002. On the other hand, there were significant differences in stems density between litter treatments within the cut treatment, CL and CN, in September 2002 (p=0.0366) and 2003 (p=0.0483). The cut treatment had a much more pronounced effect on density regardless of litter treatment. In September and May 2002 -2003, there were significant differences between both CN and NN (p=0.006, 0.004, 0.001 respectively) and CL and NL (p=0.0052, 0.003, 0.0159 respectively).
As with density, there were significant differences in initial species richness (p<0.001) between all quadrats prior to treatment application. Again, the magnitude of the mean difference was quite small, fewer than 1.0 species per treatment. Additionally, the CL and CN treatments again had the lowest richness. The increase in species richness by the second sampling was not as dramatic as that observed in stems per quadrat by the same sampling. Generally increases in mean species richness were in the order of 0.4-1.25 species per quadrat ( Figure 2 
Vegetation Cover
There was no significant difference in total vegetation cover prior to treatment application. There was a substantial increase in total cover through samplings two and three in both the CL and CN treatments ( Figure 3 ). This increase in total cover was in the order of 8.75-11.25%. On the other hand, total cover in both the NN and NL treatments only increased by ~2%. No significant differences in total cover were observed between the NL and NN treatments at any sampling. On the other hand, there was a significant difference between the CL and CN treatments in September 2003 (p=0.0024). Although litter removal did not have a major effect on total cover, tree removal did. Significant differences between CN and NN were observed in September and May 2002-2003 (p=0.001, 0.0023, <0.001 respectively). In addition, significant differences between CL and NL were also observed in September and May 2002-2003 (p=0.0071, 0.0075, 0.0318 respectively).
Unlike total vegetation cover, there were significant differences (p<0.001) in initial mean forb cover between treatments; however these differences were only 0.125%. Forb cover in both of the cut treatments, CL and CN, increased over the duration of the study although both no cut treatments, NL and NN, were relatively static throughout the study (Figure 4 ). There were no significant differences in forb cover for NL or NN treatments at any time, whereas a significance difference between CL and CN only occurred in September 2002 (p=0.0056). The tree removal treatment yielded a significant difference between CN and NN in May 2002 (p<0.0001) and September 2002 (p=0.0486), whereas a significant difference between CL and NL occurred only in May 2003 (p=0.0131).
Graminoid cover responded similarly to forb cover with significant differences in initial mean graminoid cover between treatments (p=0.0164). Once again, the differences between treatments were small (0.15%). Graminoid cover increased over the first post-treatment sampling for all treatments ( Figure 5 ). Graminoid cover was not significantly affected by litter in NL or NN treatments. However, litter had a significant effect in September 2003 (p=0.0012) in the CL and CN treatment. The tree removal treatment had a stronger affect with significant differences in graminoid cover between CN and NN in September and May 2002-2003 (p=0.0253, 0 .0092, <0.0001 respectively) and between CL and NL in September 2002 (p=0.0133). Marginal insignificance was also observed between CL and NL in May, 2003 (p=0.052 ).
Significant differences in woody cover (p=0.0197) were also present at the onset of this study. However, differences in mean woody cover between treatments were once again small (0.15%). Woody cover increased in all treatments over the duration of this study although these increases were only in the 0.5-2.0% range ( Figure 6 ). In fact, no significant differences were found between any combination of litter removal and/or tree removal treatments at any sampling.
Direct Gradient Analysis
Partial Redundancy Analysis (pRDA) was conducted to test a priori hypotheses regarding the effects of tree removal, litter removal and their interaction at each sampling. Results of pRDA only showed significant differences in absolute species cover between litter removal treatments in May, 2002 and September, 2002 (p<0.001) . Conversely, pRDA showed significant differences (p<0.001) in absolute species cover between tree removal treatments at every post-treatment sampling period. The litter removal with tree removal interaction effect was only significant in September 2002 (p=0.029). Therefore, it appears that tree removal does have a stronger effect on species composition over time than litter removal. When treatment centroids by sampling period are plotted in ordination space three items become apparent: First, tree removal results in an increased magnitude of movement of treatment centroids over time (Figure 7 a, b) . Second, litter removal also results in an increased magnitude of movement of treatment centroids over time (see Figure 7 a, b) . Finally, the overall amount of compositional change of cut treatments was greater than litter removal treatments.
A pRDA scatter plot of absolute species cover, treatment centroids and passive environmental variables based on all posttreatment samplings is displayed in Figure 8 . The four dummy treatment variables accounted for 5.4% of the total explained species variance. Although woody cover was not significantly affected by tree removal or litter removal treatments at any sampling, woody forest species such as Cercis canadensis, Celtis occidentalis, Parthenocissus quinquefolia, Quercus stellata, Juniperus virginiana seedlings, and Ulmus rubra all dominated the no cut treatments with a slightly higher cover in the litter treatment (NL). Alternatively, grasses typical of the open prairie such as Tridens flavus, Eragrostis spectabilis, Dicanthelium oligosanthes, Sorghastrum nutans, Bothriochloa saccharoides, and Sporobolus compositus dominated the tree removal treatments. In addition, each one of these graminoids (with the exception of T. flavus) also had higher absolute cover in the litter removal treatment (CL). Sedges such as Carex festucacea and C. bushii both dominated the NN treatment. On the other hand, forb species typically associated with pastures such as Ambrosia sp., A. psilostachya, Amphiachyris dracunculoides, Acalypha gracilens, and Croton monanthogynus dominated the CN treatment.
DISCUSSION
Increases in stem density and species richness were expected as a result of litter removal and tree removal treatments. Our results are similar to those of Monk and Gabrielson (1985) who observed a stronger influence of overstory cover compared to litter cover on old field vegetation. For all manipulated quadrats (CL, CN, and NN) increased stems per quadrat is more likely to be due to increased perennial graminoid stems than woody or forb stems. Reductions in stems per quadrat in NL and NN treatments after September 2002 are likely the result of continued overstory tree presence and its associated reductions in solar radiation. Studies by Monk and Gabrielson (1985) , Yager and Smeins (1999) , and Joy and Young (2002) By comparison, the decreases in species richness over the course of this study suggest relatively little recruitment of new species occurred regardless of treatment. Provencher et al. (2000) found that species richness also decreased after the application of felling and slash burning in Florida's sandhill vegetation. However, Provencher et al. (2000) observed an increase in species richness two years after treatment application. Results from pRDA (see Figure 8 ) suggest a transition from pretreatment species composition dominated by mesic or forest species to post-treatment tallgrass prairie species. It is possible that during this transition, forest species were lost faster than prairie species were added; therefore, we observe a decrease in species richness. However, the majority of species present in each treatment's cumulative species pool were, on average, not present in each quadrat. Generally only 10-20% of each treatment's cumulative species pool was observed in each quadrat (see Figure 2 ). It should be noted that species richness may be strongly linked to density (i.e. rarefaction effect) and thus the richness-per-quadrat should not be interpreted independently of stem counts (Palmer et al. 2000) . This suggests that given more time species richness may increase as these rare species become more universally distributed into cut quadrats.
Linneman and Palmer (2006) suggested that species composition underneath redcedar trees may be a random subset of the species from the surrounding matrix. The results from this study suggest that this subset of species is nonrandom and comprised of two main types. The first group appears to be remnant prairie grasses, and the second is disturbance-tolerant forbs. The absolute cover of almost all graminoid species increased as a result of tree removal. Of particular interest is that the most abundant graminoid species were native tallgrass prairie species such as Sorghastrum nutans and Sporobolus compositus. Conversely, the positive response of disturbance favoring forb species like Amphiachyris dracunculoides, Ambrosia psilostachya and Croton monanthogynus may lead to further reductions in species richness if they become dominant. Several researchers, including Clary (1971) , Clary and Jameson (1981) , Brockway et al. (1998), and Provencher (2000) , have all observed increases in graminoid and forb cover following overstory tree removal. In this study, annual species increased in cut treatments; however, few annuals dominated cover in any treatment. Although the increase of disturbance-tolerant forbs may be inhibitive in the short term, the observed increases in absolute cover of native tallgrass prairie species suggest that even without subsequent prescribed fire treatments, community composition may return to its pre-invasion condition with time.
The long-term effects of eastern redcedar in grasslands are unclear. The results from this study suggest the continued presence of eastern redcedar in grasslands may (1) facilitate the forestation of grasslands or at least (2) continue to reduce the tallgrass prairie species pool in invaded grasslands. Briggs et al. (2002a) determined that species present in the prairie were not consistently different from those found in a closed canopy redcedar forest. However, both this study and Linneman and Palmer (2006) show an apparent shift in community composition away from tallgrass prairie species toward forest tree species such as Cercis canadensis, Celtis occidentalis, Juniperus virginiana, Quercus stellata and Ulmus rubra. These same tree species frequently occur under redcedar canopies in nearby Cross Timbers forest environments as well (van Els et al. 2010) and, it should be noted, the cedars studied here were in relatively close proximity to Cross Timbers stands. Additionally, it is possible that the dynamics of cedar invasion may differ in old fields (studied here) from those in previously undisturbed prairie.
Although complete extirpation of native tallgrass prairie species is not likely in the short term, areas with extensive invasion and subsequent tree removal may require seeding of prairie species to encourage the return of characteristic prairie vegetation. This will inevitably increase the cost of restoration beyond the already high cost of tree removal (Bidwell et al. 2002) . Areas with less than 75% cover of redcedar, however, have greater potential for recovery, as most tallgrass prairie species persist in inter-tree spaces until this point (Limb et al. 2010) .
Continued invasion by eastern redcedar in the Great Plains has serious implications not only for the existence of native grasslands but also for biodiversity and potential future restorations. As shown here, removal of redcedar, even in the absence of subsequent prescribed fire, has the potential to increase the number of stems per quadrat and increase species richness for several years post-treatment. Litter removal, either by mechanical means or prescribed fire, should further benefit and accelerate the return of tallgrass prairie vegetation. Without tree removal, these grasslands will continue to lose native prairie species in favor of mesic and/or forest species. In the absence of broad-scale control efforts, redcedar will continue to fragment and replace native grasslands, perhaps to the extent that future prairie restoration efforts may require seed inputs beyond what is available from surrounding sources via natural dispersal.
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